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Directional asymmetry (DA), the consistent diﬀerence between a pair of morphological structures in which the same side is always
larger than the other, presents an evolutionary mystery. Although many paired traits show DA, genetic variation for DA has not
been unambiguously demonstrated. Artiﬁcial selection is a powerful technique for uncovering selectable genetic variation; we
review and critique the limited number of previous studies that have been performed to select on DA and present the results
of a novel artiﬁcial selection experiment on the DA of posterior crossvein location in Drosophila wings. Fifteen generations of
selection in two genetically distinct lines were performed and none of the lines showed a signiﬁcant response to selection. Our
results therefore support and reconﬁrm previous ﬁndings; despite apparent natural variation and evolution of DA in nature, DA
remains a paradoxical trait that does not respond to artiﬁcial selection.
Copyright © 2009 Ashley J. R. Carter et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1.Introduction
Directional asymmetry (DA) is the consistent diﬀerence
between a pair of morphological structures, for example, the
larger of the pair occurs consistently on one side. Symmetry
in external morphology is the rule among metazoans, mak-
ing the cases of DA particularly striking. Good examples of
suchasymmetriesincludetheenlargementofthelefttoothof
the narwhal to form a “horn,” the morphology of ﬂounders,
and the absence of the left lung in some Gymnophiona
species. Many instances of more subtle quantitative instances
of DA have also been observed, such as testicle position
and size in mammals and wing size and shape in Diptera.
In contrast, internal organs, particularly those that are
not paired, such as the vertebrate heart, very often show
asymmetry.
Evidence for additive genetic variation for DA has been
unusually diﬃcult to demonstrate, leading many authors
to treat DA as the canonical example of a trait without
heritable variation (e.g., Lewontin [1, page 92]). Several
experiments (reviewed later) have attempted to select for DA
in diﬀerent traits in Drosophila, but only one [2] showed
a small signiﬁcant response. In contrast, virtually all other
morphological traits readily respond to artiﬁcial selection [1,
3]. The apparent lack of selectable additive genetic variation
foratraitthathasclearlyevolvedinnatureisanevolutionary
mystery that deserves more attention.
Demonstrating absence of genetic variation is of course
impossible by statistical means, although we can set upper
bounds onitsmagnitude. Asdetailed below, previousstudies
of response to selection on DA are not numerous, and many
studies did not allow the estimation of such limits.
Three hypotheses have been proposed to explain the
relative inability of DA to evolve under artiﬁcial selection.
The standard explanation for DA’s lack of evolvability is that
no left-right axis exists, but the prevalence of asymmetry
in internal morphology as well as the very widespread
existence of subtle DA in insect wings [4] clearly reveals that
this general proposition is untenable. A more sophisticated
version of this “absent axis” hypothesis is that all bilaterally
symmetric organisms possess an axis that speciﬁes distance
from the midline that generates that symmetry. DA then2 International Journal of Evolutionary Biology
requires an additional mechanism to break that symmetry,
and that mechanism is diﬃcult to evolve, perhaps because
the number of genomic changes that can break symmetry is
very small. Finally, Palmer [5]h a ss u g g e s t e dt h a tD Ai sm o r e
likely to evolve from a state of antisymmetry, where modal
individuals are asymmetrical but the direction of asymmetry
is random, than from a state of symmetry. Under this
hypothesis,DAisdiﬃculttoevolvewithoutﬁrstdecanalizing
the symmetry found in most organisms.
Given this debate, Dipteran wing morphology is an
intriguing target for selection on DA. Large qualitative DA
exists in males of Erebomyia exalloptera [6]. P´ elabon and
Hansen [4] recently reviewed over 100 papers that test for
DA in wing size in insects, and over one-quarter of the
statistical tests and one-third of the species show signiﬁcant
DA, although the average magnitude is less than 1% of
overall size. Klingenberg et al. [7] found consistent but
very small DA in representatives of three diﬀerent Dipteran
families, including Drosophila melanogaster,a no b s e r v a t i o n
that has since been conﬁrmed in two other Drosophila
species [8, 9]. These results suggest that a left-right axis has
previously evolved and therefore genetic variation for left-
right positioning is more likely to exist in wing traits than
in others. A search of the scientiﬁc literature for reports of
directional asymmetry selection experiments revealed only
ﬁ v es u c hs t u d i e s ,a l lu s i n gDrosophila.
The earliest published DA selection experiment was
conductedbyMaynardSmithandSondhi[10].Theyselected
on the ocelli and associated bristles in Drosophila subobscura.
Individual ﬂies can possess up to three ocelli, one central
and anterior and two posterior ocelli. In their “symmetrical”
SYM line, ﬂies with both the left and right posterior ocelli
were selected, and in the “asymmetric” ASY line, ﬂies with
both anterior and left posterior ocelli, but without the right
ocellus, were selected. This selection treatment thus favored
individuals with a leftward bias in ocellus placement. Both
lines were selected for 12 generations, with over 200 ﬂies
measured and 20–30 selected for mating each generation. In
the SYM line, they observed more than a fourfold increase
in the frequency of the selected symmetric phenotype
(14.75% to 64.20%), but the change was almost entirely
explainable by loss of the anterior ocellus. In the ASY line,
they observed a threefold increase in the frequency of the
selected asymmetric phenotype, but this was almost entirely
explainable by an increase in anterior ocellus prevalence.The
frequency of ﬂies possessing only the left posterior ocellus
ﬂuctuated around a frequency of 0.5 with no trend. Other,
single-generation crosses showed no apparent inheritance
of the handedness of ocellus presence. Maynard Smith and
Sondhi concluded: “It seems likely that the handedness of
individuals is a purely chance phenomenon in the sense that
it is not inﬂuenced either genetically or maternally.” [10].
Beardmore [2] selected on DA of sternopleural bristle
number in Drosophila melanogaster. The selection index was
the ratio of the number of bristles on the two sides, left
over right, which was selected for increase in one line and
decrease in the other. To avoid selection for increased mean
bristle number, if two ﬂies possessed the same ratio, the
investigators selected the ﬂy with the lower total bristle
number. All lines were selected for 50 generations; 60
ﬂies were measured, and 30 selected for mating in each
generation. Beardmore also maintained one control line that
was randomly selected. Regression of divergence between
the two lines on generation showed signiﬁcant divergence in
directional asymmetry at P = .03. He estimated a heritability
of 3.6%, but this involved an arbitrary assumption that the
selection diﬀerential was half of that imposed. Additionally,
values from his control population resembled those from the
decrease line, casting some doubt on the reliability of these
conclusions. Furthermore, changes in overall bristle number
were not reported, despite his selection for decreased overall
bristle number. Selection for smaller total bristle number
may have generated larger bias values if the mean number
decreased. Although Beardmore concluded that heritable
variation for DA was present, his quantitative estimates are
questionable.
Purnell and Thompson [11] selected for DA of wing
folding in Drosophila melanogaster. At rest, a Drosophila
individual holds its wings against its back with one over
the other, always crossing the same wing over the other
throughout its life. Purnell and Thompson created two
selection lines, right-over-left folding and left-over-right
folding. Each line was selected for 15 generations; 50 ﬂies of
each gender were assayed, and 5 selected for mating in each
generation. Their analysis of the entire experiment shows
a nonsigniﬁcant response in both lines, with an average
heritability of −5.8%. Purnell and Thompson claimed to
have found a signiﬁcant response in the early generations of
their experiments, but examination of their [11, Figure 1]
suggests that this conclusion was based on an ad hoc choice
of time periods.
Coyne [12] selected for DA of eye size for 30 gener-
ations in a population carrying the mutant eyeless allele
(eyr) backcrossed into an outbred population of Drosophila
melanogaster. Eyeless reduces facet number and simulta-
neously decanalizes symmetry, creating variation in facet
number asymmetry that Coyne could judge qualitatively. As
Coyne noted, he was more readily able to judge asymmetry
in ﬂies with one very small (or missing) eye. Three selection
lines were created: left eye larger, right eye larger, and both
eyes smaller—plus an unselected control. Each line was
selected for 30 generations; 200–500 ﬂies were assayed and
roughly 10–20% selected for mating in each generation.
At the end of the experiment, Coyne tested whether the
ratio of left-eyed to right-eyed ﬂies diﬀered from 0.5. There
was no evidence for a response in directional asymmetry,
and the one signiﬁcant deviation from 0.5 was in a control
line. Unfortunately, Coyne’s use of qualitative data precluded
estimation of an upper limit to heritability [12]. Also unclear
is whether the DA present in a decanalized mutant stock is
relevant to variation in natural populations.
Tuinstra et al. [13] selected on DA in an outbred
Drosophila melanogaster population ﬁxed for a scute muta-
tion that decanalizes scutellar bristle number. They per-
formed a combination of family and individual selection
for the diﬀerence between left and right bristle numbers.
Each line was selected for 12 generations; 16–18 sibships
were assayed, 4–6 sibships provided the males, and 4–6 otherInternational Journal of Evolutionary Biology 3
sibships provided the females for mating in each generation.
No signiﬁcant response was found in various measures of
directional asymmetry. The realized heritability (±S.E.) for
their selected index was negative in both sexes (−.006 ± .105
in females, −.055 ± .175 in males) and not even close to
statistical signiﬁcance. The experiment was terminated after
12 generations of selection because of severe infertility. This
problemsuggeststhateithertheinitialpopulationwasinbred
or it became inbred because of the small population size;
either of which would reduce the likelihood of detecting
genetic variation in DA.
Despite the results of the experiments described above,
there is other evidence suggestive of the presence of genetic
variation in insect wing DA. P´ elabon et al. [14] selected
for diﬀerent shape of left wings in D. melanogaster for
nine generations, obtaining large direct responses in shape.
They found that DA was present in the controls and
also underwent consistent changes in magnitude under
selection, even though populations were selected in opposite
directions. Rego et al. [15] found substantial increases in DA
in wing size and shape in hybrids between D. subobscura and
D. maderiensis, and that the degree of DA diﬀered among
families within the hybrid population. Santos et al. [9]f o u n d
that DA in wing shape and size diﬀered signiﬁcantly in
some cases between karyotypes and crosses in D. subobscura,
although none of these diﬀerences remains signiﬁcant if
corrected for multiple testing. All of these results indicate the
existence of genetic variation that aﬀects DA, but whether
this generates additive genetic variance for DA within
populations is not clear.
In order to investigate whether selectable genetic vari-
ation for DA may exist in insect wings we performed
an artiﬁcial selection experiment on the DA in position
of the posterior crossvein in the wing of two genetically
distinct lines of Drosophila melanogaster. The position of this
crossvein is easily quantiﬁable and has been shown to be
variable within the species (e.g., by [14, 16, 17]) making it
an ideal trait for this study.
2. Methods
2.1. Selection Lines. We performed artiﬁcial selection in two
wild-type populations recently derived from the wild; iso-
female lines founded with ﬂies collected from Tallahassee,
Florida (FL) and central Illinois (IL) were generated and
maintained for less than six months prior to use in this
experiment. We constructed the two populations used in this
study by pooling 30 of these isofemale lines. One generation
of random mating with a population size of approximately
300 was performed prior to the initial selected generation
for each population. Prior to and throughout the course
of the experiment, ﬂies were cultured in 45mL shell vials
at 25
◦C and under a 12 : 12 light cycle on unyeasted
standard corn-meal, sucrose, brewer’s yeast medium. During
the experiment, vials were initiated with ﬁve adult males
and ﬁve adult females. Adults of each group were allowed
to lay eggs for 48hours in each of three vials and then
discarded. Their oﬀspring were collected as virgins using
CO2 anesthesia 9–11 days later.
2.2. Wing Measurement. Wing measurements were made
with the WINGMACHINE system [16]. For measurement,
ﬂies were placed under CO2 anesthesia; then each wing was
brieﬂy drawn into a suction device and a digital wing image
obtained. The user digitized two landmarks on each wing,
then the WINGMACHINE software automatically ﬁt a B-
spline model to the locations of all the wing veins. The
parameters of this model were then used to calculate the
appropriate selection index. Before selection, the images of
wings with the most extreme DA values were rechecked for
splining errors and resplined if necessary to ensure that gross
measurement errors were avoided.
2.3. Selection Procedure. We used the relative position of the
posteriorcrossveinontheleftandrightwingsasourmeasure
of DA. The location of the crossvein was measured as the
averagedistancefromthetwoendsofthecrossveintotheend
of vein L4 (see Figure 1). Distances on the left (XL)a n dr i g h t
wings (XR) were used to calculate directional asymmetry via
DA = XL − XR. In each population, we selected one line
to have positive DA (replicates L-FL and L-IL) and one to
have negative DA (replicates R-FL and R-IL). Selection on
the L lines sought to move the crossveins to the left (as
viewed from above and behind when the wings are extended
as in ﬂight) and that on the R lines to move the crossveins
to the right. Selection continued for 15 generations. Fifty
ﬂies of each gender were measured, and 15 were selected
in each generation. Selected ﬂies were randomly mated.
The use of 30 isofemale lines preserves essentially all of the
original populations’ heterozygosities and much of the allelic
diversities; although the design of this experiment did not
include replication within lines to guarantee our selection
as the cause of any single observed phenotypic response,
the lack of a signiﬁcant response in any of the treatments
provides strong evidence against the presence of selectable
genetic variation in the original populations.
Selection using identical conditions (population sizes
and fraction mated) generated large phenotypic responses
for wing vein traits in a separate set of experiments (more
than 10 SE change in mean phenotypic index, data unpub-
lished) with continued response for over 20 generations,
loss of initial genetic diversity due to inbreeding is therefore
unlikely to be a factor in this shorter experiment.
2.4. Data Analysis. During the analyses of variance reported
below, three outlier individuals with DA residuals more than
5 S.D. from the mean were identiﬁed. Re-examination of the
wing images and spline data showed that these did not result
from splining errors or damaged wings and were genuinely
unusually asymmetrical pairs of wings. These observations
were omitted from analyses of temporal trends and DA
distribution but included in analyses of realized heritability.
For each of the 15 generations, the means of the selected
individuals and overall population were used to calculate a
selection diﬀerential (mean of selected—overall mean), S,
and a selection response (mean of next generation—mean
of current generation), R. Separate S and R values were
calculated for males and females, and these were averaged to
yield the input for the realized heritability analyses.4 International Journal of Evolutionary Biology
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Figure 1: Image of splined Drosophila melanogaster wing and
distances used in study. (a) Original photographic image of
wing with B-spline overlay. White arrows indicate user-deﬁned
landmarks used by the B-spline algorithm and two veins used in
distance calculations labeled. (b) Wing-vein intersections shown
with the two distances used in this study indicated by heavy black
lines.
The realized heritability of DA was calculated using
several approaches. In the ﬁrst two, we assumed that the
response in each generation was an independent variate.
First, we estimated realized heritability as the slope of the
linear regression of the response on selection diﬀerential for
the single-generation estimates, without ﬁtting an intercept.
Second, we estimated realized heritability as the slope of the
linear regression of the cumulative response versus cumu-
lative selection diﬀerential. Although calculating realized
heritabilities using these methods is accepted practice, the
responses are not in fact independent, biasing statistical
testing and conﬁdence-interval estimation.
Our other approaches took explicit account of the
sampling dependencies among generations by using a gen-
eralized least squares (GLSs) approach (see, e.g., Lynch and
Walsh [18, page 202]). This approach incorporates a matrix
of variances and covariances among the response variables.
The GLS parameter vector, b, is estimated as
b =

XTW−1X
−1
XTW−1R,( 1 )
where X is the design or incidence matrix of predictor values
(inthiscaseavectorofselectiondiﬀerentials,withorwithout
an intercept vector), W is a square matrix that incorporates
the sampling variance of the selection responses on the
diagonal and the sampling covariances in the oﬀ diagonals,
and R is the vector of observed responses to selection. The
standard error of b is
SEb =

XTW
−1X
−11/2
. (2)
GLS analyses were performed both on the cumulative
selection diﬀerentials and responses and on the generation-
by-generation diﬀerentials and responses. In the generation-
by-generation case, the covariances in the W matrix between
successive R values are negative and equal to the sampling
error of the shared generation. All other covariances are 0.
In the cumulative case, the covariances in the W matrix are
all positive and equal to the sampling variance in the ﬁrst
generation, because all estimates of R are based on data from
the initial generation. In the cumulative cases, we estimated
an intercept, but the small values estimated are of little
relevance to the interpretation of heritability, so we do not
report them. Statistical analyses were performed in SAS 9.1
[19].
3. Results
Mean values of DA of posterior crossvein position for each
generation are presented in Figure 2. Little response to
selection on DA values is apparent over the entire exper-
iment. A potential exception is the last generation, when
the two leftward treatments were below the two rightward
treatments, the only generation where this was the case. To
testfortemporaltrends,weperformedanalysesofcovariance
on DA with population and selection treatment as ﬁxed
eﬀects and generation as a covariate. Separate analyses were
performed for each gender. The only signiﬁcant eﬀects with-
out Bonferroni corrections were a treatment-by-population
eﬀect in females (P = .02) and a generation-by-population
eﬀect in males (P = .04). Inspection of the parameter
estimates shows that the slope in the FL population was
negative and that in the IL population was positive but that
in neither population did the estimates diﬀer signiﬁcantly
from 0. The generation-by-treatment eﬀect tests for changes
consistent with a response to selection, but these terms were
not signiﬁcant (P = .55 in females, P = .23 in males).
Given the lack of temporal trends, we computed descrip-
tive statistics on all generations pooled (Table 1). The total
sample size for these statistics is 3200 individuals and 6400
wings for each gender. Overall mean DA reﬂects a consistent
rightward bias of 0.00048mm, 0.3% of the mean posterior
crossvein distance. Mean DA was 70% higher in females,
whereas the mean crossvein position was only 15% larger.
The variation in DA is similarly small; its S.D. is only 1.2% of
mean posterior crossvein distance.
To examine the distribution of DA within generations,
we pooled the residuals from each generation and line mean,
omitting three outlier individuals. The overall distribution
was well approximated by a normal distribution. Female
residuals did not depart signiﬁcantly from normal by the
Cramer-von Mises test (W2 = 0.101, P = .11), but those
of males did (W2 = 0.211, P<. 005). The distribution
was modestly leptokurtic, with remarkably similar positiveInternational Journal of Evolutionary Biology 5
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Figure 2: Mean directional asymmetry (DA) of each generation for
four lines, two originally from Florida (FL) and two from Illinois
(IL).The y-axisshowsthemeanDA(left-right)valueinmillimeters
for the 100 individuals measured in each line in each generation.
L indicates means for lines selected to move the crossvein left (to
decrease DA value) and R those selected to move the crossvein right
(to increase DA value).
Table 1: Basic statistics of crossvein position and directional
asymmetry (DA, ±S.E.). Crossvein position is the mean of the
distances from the endpoints of the posterior crossvein to the end
of vein L4 in the Drosophila melanogaster wing, ±S.E. Residual S.D.
is pooled departures from the line and generation means.
Male Female
Crossvein position 0.140 ± 0.00009 0.161 ± 0.00011
DA 0.00036 ± 0.00003 0.00060 ± 0.00003
DA 1% quantile −0.00364 −0.00396
DA median 0.00037 0.00058
DA 99% quantile 0.00471 0.00523
Residual S.D. 0.00169 0.00193
Residual kurtosis 0.589 0.575
kurtosis values in the two genders. These are highly signif-
icantly diﬀerent from 0 according to tabled values. Positive
kurtosis is consistent with the existence of true variation
among individuals in their asymmetries.
To test for signiﬁcant DA in the entire data set, we
performed separate mixed-model ANOVAs on the crossvein
position for the two genders (Table 2). Given the lack of
trends in DA with time, we chose to treat generation as
a categorical random eﬀect. Analyses with population (IL
or FL) as random eﬀects and treatment (left or right) as
main eﬀects showed no evidence of main eﬀects but complex
interactions suggesting variation due to time of rearing and
measurement.BecausetheILandFLpopulationswereraised
and measured in alternate weeks, we cannot disentangle
these eﬀects in our data. In the analysis shown in Table 2,
we treated generation and line (the combination of selection
and population: L-FL, R-FL, L-IL, R-IL) as random eﬀects,
and side as a ﬁxed eﬀect. The “side” eﬀect tests for DA and is
signiﬁcant at P<. 0015 in both sexes. We therefore conﬁrm
the ﬁnding of a small DA in wing shape in D. melanogaster.
We interpret the highly signiﬁcant line-by-generation eﬀect
asasignatureofrandomtemporalvariationinDAthatcould
Table 2: Mixed-model analyses of variance of crossvein position in
males and females. Line and generation are treated as categorical
random variables, and side (left or right) as a ﬁxed eﬀect. All tests
of higher interactions had P>. 5 and were omitted from these
analyses. S.E. are standard errors from the covtest option in SAS
Proc Mixed.
Num. Den. Variance S.E.
Gender Source df df F ×106 ×106 P
Males Line 1.277 1.315 .166
Generation 3.119 1.647 .029
Line × Gen 5.104 1.119 <10
−4
Side 1 6331 10.1 .0015
Error 20.18 0.358
Females Line 1.791 1.752 .153
Generation 2.218 1.358 .051
Line × Gen 3.557 1.189 <10
−4
Side 1 6335 19.9 <10
−4
Error 28.476 0.506
reﬂect rearing conditions or diﬀerences in the handling and
measurement of ﬂies.
To put the potential selection responses in a quantitative
genetic framework, we estimated the realized heritability
of DA in each line. The relationship between cumulative
selection diﬀerentials and cumulative response is shown in
Figure 3. Table 3 presents the realized heritability estimates
for the ordinary least squares (OLSs) and generalized least
squares (GLSs) linear regressions. Comparisons of the real-
ized heritability estimates to their standard errors indicate
that no signiﬁcant response was observed in any of the
lines (Table 3), with only line L-FL coming close. On the
assumption that each population and treatment estimates
the same parameter, the generation-by-generation GLS anal-
yses yielded an overall estimate of realized heritability of
.003 ± .003 and the cumulative GLS analyses .003 ± .005.
Taking the less precise estimate, we can be 95% certain that
the realized heritability of DA of crossvein position is less
than 1.4%.
4. Discussion
We were unable to detect a response to selection in
directional asymmetry (DA) in a wing trait in Drosophila
melanogaster. Our best estimates of realized heritability were
notsigniﬁcantlydiﬀerentfrom0andtheconﬁdenceintervals
indicate that the heritability of DA, if present at all, is very
likely to be less than 1.4%. Directional asymmetry (DA) is
often taken as an example of a type of trait, indeed perhaps
the only phenotypically variable morphological trait, that
lacks additive genetic variation. Our review of previous
attempts to select for DA suggests that this conclusion rests
on a somewhat shaky empirical foundation; our results ﬁrm
up this foundation.
Several hypotheses address the inability of DA to evolve
readily under directional selection. One, discussed above, is
the “absent axis” hypothesis, that is, there are no genetic
variants capable of producing DA. A second hypothesis is6 International Journal of Evolutionary Biology
Table 3: Realized heritability estimates (±S.E.) for DA obtained using four techniques. Data was either the single-generation values of
selectiondiﬀerentialandresponseorthecumulativeones.Heritabilitieswerecalculatedeitherwithordinaryunweightedleastsquares(OLSs)
regression or with a weighted generalized least squares (GLSs) regression.
By generation Cumulative
Line OLS GLS OLS GLS
L-FL 0.013 ±0.037 0.011 ±0.007 0.015 ±0.006 0.014 ±0.008
R-FL 0.011 ±0.033 −0.004 ±0.007 −0.006 ± 0.006 −0.006 ±0.007
L-IL 0.009 ±0.037 0.004 ±0.007 0.009 ± 0.008 0.010 ±0.008
R-IL 0.010 ±0.050 0.003 ±0.007 −0.003 ± 0.006 −0.004 ±0.008
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Figure 3: Cumulative selection diﬀerential versus cumulative
response. Abbreviations as in Figure 2. Note that the position of
theopensymbolsabove thezero cumulative-response lineismainly
duetothelowﬁrst-generationvalueoftheIllinoispopulation(lines
L-IL and R-IL).
that, even if such an axis does exist, the number of base pairs
thataﬀectitisverysmall.Ifthemutationaltargetissmall,the
chances of ﬁnding a population with the genetic variation
that would allow a response would also be small. We call
this the “small target” hypothesis. Finally, Palmer et al. [5]
have suggested that DA originating late in development is
more likely to evolve from a state of antisymmetry, where
modal individuals are asymmetrical but the direction of
asymmetry is random, than from a state of symmetry. If so,
the ability to evolve DA might depend on the preexistence
of antisymmetry. If it does, then attempts to select directly
for DA of adult structures in a symmetric ancestor might be
ineﬀective because the proper genomic conditions have not
been set up to allow expression of variation in DA.
The last hypothesis is supported by a comparative
analysis of conspicuous asymmetries in paired structures
[20]. The inferred ancestral states of symmetry in clades
containing conspicuous cases of DA are almost as likely to be
antisymmetry as symmetry, suggesting that DA often evolves
from an antisymmetric state rather than a symmetric one.
Given the global rarity of antisymmetry, this analysis would
overestimate the proportion of time that the ancestor was
symmetric. Antisymmetry may therefore be a necessary pre-
cursortotheevolutionofDA.Wecallthisthe“antisymmetry
ﬁrst” hypothesis.
Our selection experiment is the ﬁrst to be performed
on a trait that already shows directional asymmetry and
thus provides unique insight into the three hypotheses. As
demonstrated by several previous authors [7, 8, 14]a n d
conﬁrmed by us, subtle DA appears to be generally present
in the wings of Diptera.
The existence of DA in the base population for our
experiment clearly rules out the absent-axis hypothesis as
an explanation for the failure of DA to evolve. The small-
target hypothesis, in contrast, is strengthened by our results.
Considerable progress has been made toward describing the
genetic basis of asymmetries in internal organs, particularly
in vertebrates. Described mutations aﬀecting symmetry have
qualitative eﬀects on symmetry, in some cases generating
a symmetrical morphology from a normally directionally
asymmetric state, in others reversing the normal asymmetry,
while in still others yielding antisymmetry [21]. Recently,
a gene encoding one form of myosin has been shown
to be capable of reversing asymmetries in the gut and
genitalia of Drosophila melanogaster [22, 23]. The genetics
of asymmetries of paired structures, and in particular those
of external morphology, are much less well known. In the
majority of cases where inheritance of bias has been looked
for, it has not been found, although some evidence supports
of inheritance of handedness in humans and eye side in
ﬂounder. This result is consistent with a small genetic target
size.
A strict interpretation of the antisymmetry-ﬁrst hypoth-
esis cannot be supported by selection in a population that
already possesses DA, but a Drosophila population with wing
antisymmetry might still be more responsive to selection
for DA than our populations. In a separate study (Carter
and Houle, submitted), we have successfully selected for
increased ﬂuctuating asymmetry in wing morphology in
D. melanogaster in a 43-generation selection experiment.
Fluctuating asymmetries (FAs) are random deviations from
perfect symmetry. As Palmer and Strobeck [24] emphasized,
selection for FA is essentially selection on a variance.
Selection for FA would therefore favor the expression of
antisymmetry as well as increases in variance of other kinds.
InthestudybyCarterandHoule(submitted),theheritabilityInternational Journal of Evolutionary Biology 7
of FA was less than 1% but this is not directly comparable
to that of DA, DA is a diﬀerence in mean position, while
FA measures the variance in position. The heritability of FA
is much less than the heritability of the underlying cause
of genetic variation in variance. Nevertheless our ability to
obtain a response to selection on FA, but not to selection on
DA, is at least consistent with the idea that it may be easier
for variance to evolve than for directional asymmetry due to
ad i ﬀerence in mutational target size.
Overall, our results favor the small-target hypothesis, but
whether this ﬁnding can be generalized to other traits or
populations is diﬃcult to know. Although DA has not been
demonstrated for other traits subjected to artiﬁcial selection
for DA, neither have those traits been tested for subtle DA.
DA in wings is only apparent with very large sample sizes
(as in our study) or high-quality multivariate data. Few traits
have been subjected to this level of scrutiny.
DA is a condition that has clearly evolved multiple
times, but its apparent lack of additive genetic variation is
an evolutionary mystery that deserves more attention. The
evolution of DA remains paradoxical.
Acknowledgments
The authors thank C. Evers for supervision of the lab and
many undergraduate student assistants for food preparation.
Financial support was provided by a National Institutes of
Health Ruth L. Kirschstein National Research Service award
(5F32GM070248-02) to A. J. R. Carter.
References
[ 1 ]R .C .L e w o n t i n ,The Genetic Basis of Evolutionary Change,
Columbia University Press, New York, NY, USA, 1974.
[2] J. A. Beardmore, “A genetic basis for lateral bias,” in Proceed-
ings of the Symposium on the Mutational Process, pp. 75–83,
Publishing House of the Czechoslovak Academy of Sciences,
Prague, Czechoslovakia, 1965.
[3] K. E. Weber, “How small are the smallest selectable domains
of form?” Genetics, vol. 130, pp. 345–353, 1992.
[4] C. P´ elabon and T. F. Hansen, “On the adaptive accuracy of
directional asymmetry in insect wing size,” Evolution, vol. 62,
no. 11, pp. 2855–2867, 2008.
[5] A. R. Palmer, “Antisymmetry,” in Variation,B .H a l l g r ´ ımsson
and B. K. Hall, Eds., pp. 359–397, Elsevier Academic, Amster-
dam, The Netherlands, 2005.
[6] J. B. Runyon and R. L. Hurley, “A new genus of long-legged
ﬂies displaying remarkable wing directional asymmetry,”
ProceedingsoftheRoyalSocietyofLondonB,vol.217,pp.S114–
S116, 2004.
[ 7 ]C .P .K l i n g e n b e r g ,G .S .M c I n t y r e ,a n dS .D .Z a k l a n ,“ L e f t -
right asymmetry of ﬂy wings and the evolution of body axes,”
ProceedingsoftheRoyalSocietyofLondonB,vol.265,pp.1255–
1259, 1998.
[8] M. Santos, “Genetics of wing size asymmetry in Drosophila
buzzatii,” Journal of Evolutionary Biology, vol. 15, pp. 720–734,
2002.
[9] M. Santos, P. Iriarte, and W. Cespedes, “Genetics and geom-
etry of canalization and developmental stability in Drosophila
subobscura,” BMC Evolutionary Biology, vol. 5, article 7, 2005.
[10] J. Maynard Smith and K. C. Sondhi, “The genetics of a
pattern,” Genetics, vol. 45, pp. 1039–1050, 1960.
[11] D. J. Purnell and J. N. Thompson, “Selection for asymmetrical
bias in a behavioral character of Drosophila melanogaster,”
Journal of Heredity, vol. 31, pp. 401–405, 1973.
[12] J. A. Coyne, “Lack of response to selection for directional
asymmetry in Drosophila melanogaster,” Journal of Heredity,
vol. 78, no. 2, p. 119, 1987.
[13] E. J. Tuinstra, G. Dejong, and W. Scharloo, “Lack of response
to family selection for directional asymmetry in Drosophila
melanogaster: left and right are not distinguished in develop-
ment,” Proceedings of the Royal Society of London B, vol. 241,
pp. 146–152, 1990.
[14] C. P´ elabon, T. F. Hansen, A. J. R. Carter, and D. Houle,
“Response of ﬂuctuating and directional asymmetry to selec-
tion on wing shape in Drosophila melanogaster,” Journal of
Evolutionary Biology, vol. 19, pp. 764–776, 2006.
[15] C. Rego, M. Matos, and M. Santos, “Symmetry breaking in
interspeciﬁc Drosophila hybrids is not due to developmental
noise,” Evolution, vol. 60, no. 4, pp. 746–761, 2006.
[16] D. Houle, J. Mezey, P. Galpern, and A. Carter, “Automated
measurement of Drosophila wings,” BMC Evolutionary Biol-
ogy, vol. 3, article 25, 2003.
[17] J.G.MezeyandD.Houle,“Thedimensionalityofgeneticvari-
ation for wing shape in Drosophila melanogaster,” Evolution,
vol. 59, no. 5, pp. 1027–1038, 2005.
[18] M. Lynch and B. Walsh, Genetics and Analysis of Quantitative
Traits, Sinauer, Sunderland, Mass, USA, 1998.
[19] SAS Institute, The SAS System for Windows, Release 9.1,S A S
Institute, Cary, NC, USA, 2003.
[20] A. R. Palmer, “From symmetry to asymmetry: phylogenetic
patterns of asymmetry variation in animals and their evolu-
tionary signiﬁcance ,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 93, pp. 14279–
14286, 1996.
[21] A. R. Palmer, “Symmetry breaking and the evolution of
development,” Science, vol. 306, no. 5697, pp. 828–833, 2004.
[22] P. Sp´ eder, G. ´ Ad´ am, and S. Noselli, “Type ID unconventional
myosin controls left-right asymmetry in Drosophila,” Nature,
vol. 440, pp. 803–807, 2006.
[23] S. Hozumi, R. Maeda, K. Taniguchi, et al., “An unconventional
myosin in Drosophila reverses the default handedness in
visceralorgans,”Nature, vol. 440, no. 7085, pp. 798–802, 2006.
[24] A. R. Palmer and C. Strobeck, “Fluctuating asymmetry
analyses revisited,” in Developmental Instability: Causes and
Consequences, M. Polak, Ed., pp. 279–318, Oxford University
Press, Oxford, UK, 2003.